Abstract -Power systems consist of generation, transmission, and distribution of power to customers. To meet the ever increasing population demand, the power industry has also grown by increasing the number of devices and incorporating highly complex as well as expensive components into the power system. It becomes specifically important to focus on voltage stability analysis of the power system to avoid worst-case scenarios, such as voltage collapse, which may result in huge losses. One of the main causes of voltage collapse is the insufficient availability of reactive power in the system. This can be overcome by adding reactive power sources such as FACTS devices into it. An attempt on enhancing the steady-state voltage stability using FACTS devices has been made in this work. An IEEE 39-bus test system is built using MATLAB and PSAT. 
I. INTRODUCTION
Voltage Stability Analysis is important because voltage instability may result in the partial or complete interruption of the power system. A system can be saved from voltage collapse by reducing the reactive power load or adding additional reactive power before reaching the point of voltage collapse. For voltage stability analysis, a number of steady-state analysis methods, such as standard power flow methods, continuation power flow methods, modal methods and dynamic simulation methods, are being used by electric utilities.
Reactive power plays an important role in power systems. Fundamentally, electric power is generated, transmitted, and then distributed to customers. Transformers, transmission and distribution lines, cables, and many common load devices, such as motors, shift the relationship between current and voltage due to their inherent characteristics. This shift is measured in volt-ampere reactive or VARs. High VAR levels may result in the reduction of power transfer capability and an increase in losses. Low VAR levels may result in voltage sag. Hence, sufficient levels of reactive power are to be maintained for enhancing the voltage stability of power systems.
Sources of reactive power, such as conventional devices which are built out of resistors, inductors, or capacitors together with transformers, and Flexible AC Transmission System (FACTS) devices, provide sufficient reactive power to the system. FACTS devices are power electronics devices that are being used for various applications world-wide. They provide reactive power compensation and improve voltage stability, transmission capability, power flow control, flicker mitigation, and operating flexibility of power systems.
General principles of continuation power flow is presented in [1] by employing a predictor-corrector scheme to find a solution of the power flow by avoiding singularity of the Jacobian matrix at the point of theoretical voltage collapse by starting from a known power flow solution, predicting the next solution, and by correcting the predicted solution by a load flow solution. The authors of [2] apply the continuation power flow method to determine voltage stability margin enhancement using STATCOM, TCSC, and SSSC by integrating and then mathematical description of FACTs devices and simulating a test system to conclude that STATCOM provides higher stability margin than TCSC and SSSC and that SSCS gives slightly higher load margin and better voltage magnitude profiles when compared to TCSC. Models of FACTs devices used in [2] are thoroughly developed in [9] . Use of continuation power flow in conjunction with ANN is reported in [3] to produce the nose of the P-V curves in MATLAB and to determine proximity to point of voltage collapse. Use of MATLAB Simulink to study voltage profile of systems equipped with SVC, TCSC, and TCPST is reported in [4] and conclude improvement of voltage stability and active power losses. Authors in [5] introduce an optimization method for multiobjective voltage stability analysis with multi-type FACTS devices while making use of thermal limits and voltage limits of lines as constraints of optimization.
Use of consecutive power flow solutions for finding voltage stability limits and margins when system includes FACTS devices and analysis of system initial conditions and numerous contingencies and determining critical nodes in the system is reported in [6] . Use of continuation power flow in optimal placement of STATCOM and SVC in a real size power system is reported in [10] while authors of [12] use the Jacobian matrix at the point of maximum loadability as an indicator for determining critical system buses and lines for installation of these devices. Improvement of transfer capability by use of FACTS devices for deregulated markets is studied in [11] . A comprehensive and comparative analysis of FACTS devices for improving system static performance using reduction in power loss, voltage stability, and P-V curves analysis for determining placement and sizing of these devices is reported in [15] . The method proposed in [16] for meeting reactive power requirements and improving voltage stability is based on successive steady-state load flow analysis using Unified Power Flow Controller.
In addition to steady state analysis of voltage stability that assumes a relatively long time to develop, voltage stability in a system including FACTS devices and dynamics of system components may be studied in a short-term time frame categorized as transient voltage stability [7] . The author of [8] proposes a general method for interfacing various FACTS devices in a power system for studying dynamic response and first swing transient stability analysis. Improvement of voltage and transient stability, transfer capability, and oscillation damping of real-size power system using SVC and TCSC is reported in [13] by using dynamic models of the devices in long term time simulation of the system. To address the issues observed by system operators, authors in [14] offer Distributed Flexible AC Transmission System (D-FACTS) in controlling system voltage by examining sensitivities of voltage magnitudes with respect to variations in line impedances. A thorough historical overview of power system development from the early days to date that include FACTS devices in planning and operation and for inclusion of steady state and dynamic operation is provided by the authors of [17] .
To draw a solid conclusion on the use of FACTS in voltage stability enhancement, different types of Shunt and Series FACTS devices, such as SVC, STATCOM, and TCSC, are introduced into the IEEE 39-bus New England test system. Voltage stability of the power system before and after introducing the different FACTS devices is observed by comparing parameters such as voltage magnitude profile, loading margin, P-V curves, and active and reactive power losses to conclude which among all the FACTS devices is best suited to improve the static voltage stability of the system. A method is proposed to study the effectiveness of FACTS devices in improving the voltage stability of a power system. For this purpose, the IEEE 39-bus New England system has been taken as a test system. First, the IEEE 39-bus test system is built in MATLAB. Then, continuation power flow analysis is performed on the system built by using the PSAT (Power System Analysis Toolbox). Metrics such as voltage magnitude profile, active and reactive power losses, P-V curves, and maximum loadability point are used to gain an understanding of the voltage stability of the system. In the next step, three FACTS devices, SVC, STATCOM, and TCSC, are included in the system built in MATLAB one at a time. Again, the continuation power flow analysis is performed for each of the cases individually, and the metrics are obtained for each of them. The metrics compare each device against the initial case where no facts devices are used. The effectiveness of each device is drawn from the results obtained from comparing the metrics. Thus, this study helps in understanding the most efficient facts device which can be used for the enhancement of the static voltage stability of a power system.
II. METHODOLOGY
The test system is built without including the FACTS devices in it, and continuation power flow analysis is performed on it. A load flow report provides the voltage magnitude at each bus, giving us the voltage magnitude profile. It also provides the active and reactive power losses at each bus as well as the total active and reactive power losses of the system. A P-V curve can be drawn at each bus which provides the maximum loadability point of the curve after which the voltage collapses to zero.
A modification of the IEEE 39-bus test system with the inclusion of one of the FACTS devices is built and analyzed as before. The FACTS device is included in the system at a load bus, a generator bus, and later at the swing bus. The comparison of the metrics between the no facts case, the facts at load bus case, at generator bus case, and at the swing bus case provides us the necessary information in determining the effect of the facts device used on each of the buses and if it is improving the system from the no facts case. This process is repeated for SVC, STATCOM and TCSC, and the metrics obtained are compared with each other and also with the no FACTS case.
The test system used is the IEEE 39-bus system. It is a 10 generator and 39 bus test system on a 100 MVA and 100 KV base. Bus 1 to Bus 29 are the P-Q or Load buses, Bus 30 to Bus 39 are the P-V or the Generator buses, and Bus 31 is the swing bus. The simulation tools used in this study are Power System Simulator for Engineering (PSSE), MATLAB, and PSAT, the Power System Analysis Toolbox.
III. RESULTS
We tested several scenarios. The base case is the same in all scenarios, but the variations place FACTS devices on Bus 7 (a load bus), Bus 35 (a generator bus), and Bus 31 (the swing bus). A second set of results compares the base case against a TCSC, which is a series FACTS device, placed on Line 4 and on Line 42.
The first set of results compares the base case against two FACTS cases: STATCOM at Bus 7 and SVC at Bus 7. Bus 7 is a load bus. The voltage magnitude profile shows a negligible difference between the base case and the FACTS cases, but there is a very small increase in the voltage magnitudes with STATCOM being slightly better than SVC, which is itself slightly better than the base case. Figure 2 shows the P-V curves of Bus 7 for the three cases. Notice that the maximum loadability point (the nose of the P-V curve) is shifted slightly to the right for the FACTS devices. The STATCOM improves the maximum loadability point slightly more than the SVC, and both are slightly better than the base case. Figure  3 and Figure 4 show the active power losses on each line as well as the reactive power losses on each line, respectively. Adding FACTS devices to Bus 7 seems to have the effect of increasing both the active power loss and the reactive power loss for many lines in the system.
The system-wide active and reactive power losses are summarized in Tables I and II. The second set of results compares the base case against STATCOM and SVC connected to Bus 35, a generator bus. Figure 5 shows that all of the bus voltages increase with the presence of a FACTS device, but the voltage at the generator bus (Bus 35) decreases. Similarly, the maximum loadability of Bus 35 decreases when FACTS devices are present, as seen in Figure 6 . However, supplying extra VARs from the FACTS devices significantly decreases the reactive power losses in almost all transmission lines, as can be seen in Figure 7 . Figure 8 indicates that the reactive power loss in all transmission lines decreases, except in the case of Line 36 connected to the generator bus with the added FACTS devices. The system-wide active and reactive power losses are summarized in Tables I and II. The third set of results compares the base case against STATCOM and SVC connected to Bus 31, the system's swing bus. The voltage magnitude profile shows that there is no difference between the base case and the FACTS cases in this configuration. As expected, the swing bus satisfies the constraints of the remainder of the system, and thus there is no effect due to the presence of the FACTS devices. The system-wide active and reactive power losses in Tables I and II mirror the same findings for the slack bus case.
The next set of results compares the base case against a TCSC placed on Line 4 (between two load buses) and Line 42 (between a load bus and a generator bus). The voltage magnitude profiles are nearly identical between the base case and the TCSC cases. The maximum loadabilities when a TCSC is installed are shown, not just for the cases of Line 4 and Line 42, but for all lines, in Figure 10 . The system-wide active and reactive power losses for the two TCSC cases are shown in Table III .
The final set of results is captured over additional cases. Figure  10 shows the maximum loadability of each load bus when an SVC or a STATCOM is applied to it. Notice that the presence of a FACTS device always improves the maximum loadability, but the vertical axis scale shows that the improvement is only 1% at best. Figure 10 shows a TCSC connected to each transmission line (one at a time) and depicts the maximum loadability points of buses adjacent to that line. The presence of the TCSC increases the loadability of some buses while decreasing the loadability of overs. One major decrease is the line connected to the slack bus (Line 37). The differences in 
IV. CONCLUSION
This work expands the analysis provided in [2] by including three categories of FACTS devices instead of one, finding the impact of installing the three categories of FACTS devices on generator buses, load buses, slack buses, and transmission lines between buses. We conclude from the results the effectiveness of Static VAR Compensator, Static Synchronous Compensator, and Thyristor Controlled Series Compensator in improving voltage magnitude profile, maximum loading point, active power loss, reactive power loss at generator bus, load bus, and swing bus in case of shunt controllers, and at lines between two load buses and between a load bus and a generator bus for the series device.
Comparison of results obtained from installation of STATCOM and SVC on a swing bus does not have any impact on the metrics used in this study. The metrics indicate the same result on the bus with or without FACTS devices installed on the swing bus. However, installation of FACTS devices on PQ & PV buses have an impact on each of the metrics used in the study as summarized in Table IV. In  Table IV , the symbols >, <, and = indicate that one case is larger than, smaller than, or equivalent to the next case. However, the significance of larger changes based on the metric; larger voltage magnitude profiles are good, but larger active power losses are undesired.
Installation of TCSC on transmission lines connecting PQ & PV buses have different impacts on the metrics used in the study. Table  V includes a summary of the impact that TCSC has on the metrics when connected to transmission lines connecting PQ-PQ or PQ-PV buses. The meanings of the symbols >, <, and = are the same as in Table IV .
The study documented in this paper concentrates on enhancement of steady state voltage stability of the power system using load flow studies. However, to improve transient stability of the system, we need to include dynamic models of loads, lines, and generators for simulation and analysis of the system. Currently, we are investigating impacts of FACTS devices on transient stability of power systems using appropriate metrics that are somewhat different than the metrics used in this phase of the study. Also, this work will be extended to include and to observe the effectiveness of other FACTS devices such as Static Synchronous Series Compensator (SSSC) and Unified Power flow Controller (UPFC) on appropriate metrics published in future.
